Insecticidal Bacillus thuringiensis (Bt) 8-endotoxins are cytolytic to a range of insect cell lines in vitro. Addition of Bt var. aizawai or var. israelensis toxins to Mamestra brassicae (cabbage moth) cells in vitro increased intracellular cyclic AMP, which was paralleled by activation of adenylate cyclase in isolated membranes. Var. kurstaki toxin, which does not lyse M. brassicae cells, had no effect on cyclic AMP concentrations in intact cells, but was able to stimulate adenylate cyclase in membrane preparations. In contrast, the bee-venom toxin melittin, which is also cytolytic, increased intracellular cyclic AMP in whole cells, but inhibited adenylate cyclase in isolated membranes. Octopamine and forskolin also increased cyclic AMP in cells, but were not cytolytic. When added to cells at concentrations exceeding their LC9o
INTRODUCTION
The parasporal protein crystals synthesized by subspecies of Bacillus thuringiensis (Bt) are toxic to insect larvae from orders Lepidoptera, Diptera and Coleoptera, and are used commercially as insecticides. Numerous theories have been proposed to account for the molecular mechanism ofaction ofthese toxins, which kill susceptible larvae by lysis of midgut epithelial cells; however, the precise mechanism remains controversial Aronson et al., 1986) . It has been proposed ) that a range of Bt 4-endotoxins toxic to a variety of different insect larvae and insect cells in vitro act by a common mechanism of colloid-osmotic lysis. This model envisages an initial interaction of each toxin with a unique plasma-membrane receptor (accounting for the specificity of the toxin), followed by the generation of a hole or pore of 0.5-1.0 nm radius in the plasma membrane. This will lead to equilibration of ions across the membrane, influx of water, swelling and eventual cell lysis. Himeno et al. (1985) demonstrated that preincubation of insect cells with exogenous cyclic AMP neutralized toxicity of Bt toxins in vitro, whereas dibutyryl cyclic AMP did not show this effect. They proposed that these toxins may act in a manner analogous to cholera toxin. However, we believe that their data can be explained by a non-specific neutralization of Bt toxins by negatively charged molecules . Yousten & Guerrant (1976) berliner 6-endotoxin to Choristoneurafumiferana (spruce budworm) CF1 cells in vitro, an increase in intracellular cyclic AMP can be observed. We have investigated the basis of this increase and its relevance to the mechanism of action of Bt toxins.
The cytolytic bee-venom peptide toxin melittin lyses a wide range of eukaryotic and prokaryotic cells, and is thought to act either by a colloid-osmotic mechanism (Tosteson et al., 1985) or by a detergent-like action (Williams & Bell, 1972) . We have used this toxin as a comparison with Bt toxins in this and a previous study .
Adenylate cyclase in mammalian cells can be activated by a wide range of hormones or neutrotransmitters binding to cell-surface receptors. These couple to a stimulatory guanine nucleotide-binding protein, G,.
Hormone binding promotes dissociation of the oc-subunit of the heterotrimeric G., so that it interacts with the catalytic subunit of adenylate cyclase to increase its activity (Levitzki, 1987) . The activity of a particular hormone is determined by the presence of appropriate receptors and their ability to couple to G.. Agents such as forskolin may directly activate the catalytic subunit (Seamon et al., 1981) , and adenylate cyclase is known to be sensitive to its membrane lipid environment (Houslay & Gordon, 1983) . Perturbation of adenylate cyclase-lipid interactions by exogenous lipophilic materials can alter the activity of the enzyme (Voorheis & Martin, 1982; Needham et al., 1987) . Similar considerations are assumed to apply to the activation of adenylate cyclase in insect cells, since both receptor-and guanine nucleotidemediated activation have been reported (Guillen et al., 1987) . (Iyengar & Birmbaumer, 1981; Northup et al., 1982) .
We have investigated the effect of Bt toxins and melittin on adenylate cyclase from a lepidopteran cell line from the cabbage moth Mamestra brassicae in order to determine whether the increase in cyclic AMP caused by these agents is related to their molecular mechanism of action. . Purified crystals were solubilized in 50 mMNa2CO3/HCl, pH 9.5, containing 10 mM-dithiothreitol (vars. kurstaki and aizawai) or 50 mM-Na2CO3/HCl, pH 10.5 (var. israelensis), for 60 min at 37°C, and the insoluble residue was removed by centrifugation at 10000 g for 5 min. The soluble material represents the 130 kDa toxins of vars. kurstaki and aizawai and the 27 kDa toxin of var. israelensis (Thomas & Ellar, 1983a The cell membrane pellet was resuspended in 1.5 ml of 25 mM-Tris/HCl, pH 7.4.
EXPERIMENTAL
Membrane protein was measured by the method of Lowry et al. (1951) . Membranes were diluted to about 1 mg of protein/ml and warmed to 30°C for 8 min; the same temperature was maintained for all subsequent manipulations, and all media contained 25 mM-Tris/ HCI, pH 7.4, and I mM-dithiothreitol. Cytotoxicity assays Cell viability was assessed by their ability to exclude Trypan Blue, as described by Thomas & Ellar (1983a) .
Cyclic AMP assays Cells were washed and resuspended in Grace's medium (Grace, 1962) . Cell suspension (90 1l; 1 x 106 cells/ml) was added to 10 jud of medium containing theophylline (1 mm final concn.) and agents under test in a 1.5 ml polypropylene centrifuge tube. After incubation for the indicated times, the sample was boiled for 3 min, centrifuged (10000 g, 2 min), and 50,l of the supernatant was assayed for cyclic AMP by the bindingprotein method of Brown et al. (1971) .
Adenylate cyclase assays
These were conducted as described previously (Farndale et al., 1987) 
Phosphorylation of membranes
Membranes (500 ,ug) were phosphorylated as described previously (Farndale et al., 1987) 
RESULTS AND DISCUSSION
In the light of the proposal by Himeno et al. (1985) interested to discover the relevance, if any, of this phenomenon to the mechanism of action of Bt toxins.
In Fig. 1 Fig. 4 . Activity of melittin on cyclic AMP contents and cell death The increase in cyclic AMP, determined as in Fig. 1 after 20 min exposure to the indicated dose of melittin, is shown as the difference between toxin-treated and control means of triplicate determinations (A). Cell death, estimated after 40 min exposure to melittin as described in the Experimental section, is also shown with increasing dose of toxin (-).
AMP in M. brassicae cells at concentrations up to 100 jig/ml (results not shown), and, unlike aizawai and israelensis toxins or melittin, has no -cytolytic effect on this cell line. However, when applied to C. fumiferana CFI cells, which are susceptible to this toxin, kurstaki toxin was able to increase cyclic AMP (results not shown).
In Fig. 2 we show cyclic AMP concentrations in, and toxicity towards, M. brassicae cells incubated with Vol. 253 increasing concentrations of the aizawai toxin: both showed a sigmoid dose/response curve, and the halfmaximal value for each parameter was about 20 ,ug/ml, which might suggest a correlation between toxicity and adenylate cyclase activation. In contrast, however, although the toxin from Bt var. israelensis showed a similar sigmoid toxicity curve, it increased cyclic AMP in M. brassicae cells only at lower concentrations, whereas at higher concentration the toxin was without effect on cyclic AMP concentration (Fig. 3) . A similar biphasic activation curve is shown for melittin (Fig. 4) (Fig. 5) . These results suggest to us that, at higher concentration, these more potent toxins are able to effect cell death without increasing cyclic AMP. A possible explanation for this is that ATP, the substrate for adenylate cyclase, would be expected to leak rapidly from cells with toxin-induced holes of over 0.6 nm radius in their membranes . We sought other agents which might activate adenylate cyclase in M. brassicae cells; 1 /LM-prostaglandin E1 was ineffective, as were 100 /IM-adrenaline, -5-hydroxytyramine and -dopamine and 10 mM-fluoride. However, octopamine and forskolin both caused a dose-dependent increase in cyclic AMP (Table 1) . When octopamine or forskolin was added to cells together with aizawai toxin, a further increase in cyclic AMP occurred, suggesting a synergistic effect (Table 1) .
We examined the toxicity of octopamine and forskolin in combination with Bt var. aizawai toxin. These materials were not toxic themselves, nor did they increase the toxicity of aizawai toxin (Table 2) , even though they increased cyclic AMP (Table 1) . It seems from these data that the toxicity of Bt toxins towards M. brassicae cells may not require activation of adenylate cyclase, and that high intracellular concentrations of cyclic AMP are not toxic to these cells. In a separate-experiment (results not shown), theophylline was found to be non-toxic to M. brassicae cells.
To investigate the effects of the toxins further, we applied them to M. brassicae membrane preparations and observed the activation of adenylate cyclase directly. These results are shown in Table 3 to inhibit a wide range of cytolytic pore-forming agents (Pasternak, 1987) and Bt toxins (Houslay & Gordon, 1983) . We have previously suggested that the Bt toxins insert into the membrane to form transmembrane pores, which are permeable to small molecules . Var. israelensis toxin is known to bind specifically to certain phospholipids (Thomas & Ellar, 1983b (Kahn & Gilman, 1984) , and pertussis toxin inhibits Gi by preventing dissociation of the trimeric protein in response to GTP. To compare this activity with that of the Bt toxins, we examined the incorporation of 32P from radiolabelled NAD+ into M. brassicae membrane proteins. Fig. 6 shows an autoradiograph of the electrophoretogram so prepared; cholera toxin mediates the incorporation of label into a 49 kDa and to a lesser extent a 44 kDa protein, consistent with previous reports of its action on Gs (Mattera et al., 1986) Figure. appears that Bt toxins have a different and lesser ability to stimulate ADP-ribosylation of membrane proteins than that of cholera toxin, and, since the onset of action of cholera toxin is known to be quite slow compared with the rapid, linear, activation of cyclase by Bt toxins, we do not consider the activation of cyclase to be the result of ADP-ribosylation. The effect of cholera toxin on mammalian cells does not involve cytolysis, unlike Bt toxins (Guerrant, 1985 The basis for the action of melittin on protein kinase activity remains to be elucidated.
Conclusion
We have investigated the effect of Bt toxins and melittin on adenylate cyclase in an insect cell line. All of the cytolytic toxins tested caused an increase in cyclic AMP when added to whole cells: the exception was var. kurstaki toxin, which is not toxic to this cell line. In addition, all of the Bt toxins tested, including var. kurstaki toxin, stimulated adenylate cyclase in isolated membranes, whereas melittin had an inhibitory effect. Neither forskolin nor octopamine (which increased cyclic AMP in intact cells) had cytolytic effects, and it is known that in other cell types stimulation of adenylate cyclase by cholera or pertussis toxins does not result in cytolysis (Guerrant, 1985) . Also, at high concentrations of israelensis toxin and melittin, cells are lysed without an accompanying increase in cyclic AMP.
Both Bt toxins and melittin (Tosteson et al., 1985) have been proposed to act by a mechanism of colloid-osmotic lysis. Our evidence suggests that the effects of these toxins on adenylate cyclase are unrelated to their cytolytic mechanism, but rather are a secondary effect of their interaction with the cell membrane.
